
Possible Surprises and New Physics

• Neutrino Preliminaries

• Anomalies, alternatives, perturbations

• Alternatives to the Seesaw

• Sterile neutrinos

• Far out possibilities

• What if MiniBooNE sees a positive signal?

• Relic neutrinos
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Neutrino Preliminaries

• Weyl fermion

– Minimal (two-component) fermionic degree of freedom
– ψL ↔ ψc

R by CPT

• Active Neutrino (a.k.a. ordinary, doublet)

– in SU(2) doublet with charged lepton → normal weak
interactions

– νL ↔ νc
R by CPT

• Sterile Neutrino (a.k.a. singlet, right-handed)

– SU(2) singlet; no interactions except by mixing, Higgs, or BSM
– NR ↔ Nc

L by CPT
– Almost always present: Are they light? Do they mix?
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• Dirac Mass

– Connects distinct Weyl spinors
(usually active to sterile):
(mDν̄LNR + h.c.)

– 4 components, ∆L = 0

– ∆I = 1
2 → Higgs doublet

– Why small? LED? HDO? 6
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• Majorana Mass

– Connects Weyl spinor with itself:
1
2(mT ν̄Lν

c
R + h.c.) (active);

1
2(mSN̄

c
LNR + h.c.) (sterile)

– 2 components, ∆L = ±2

– Active: ∆I = 1 → triplet or
seesaw

– Sterile: ∆I = 0 → singlet or
bare mass 6
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• Mixed Masses

– Majorana and Dirac mass terms

– Seesaw for mS � mD

– Ordinary-sterile mixing for mS and mD both small and
comparable (or mS � md (pseudo-Dirac))
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Anomalies, alternatives, perturbations

• Anomalies/indications for new physics

– LSND

– NuTeV (sin2 θW = 0.2277(16) is 3σ high)
(Anomalous ν couplings? Z′? QCD effect?)

– Invisible Z width (Nν = 2.983(9) is 1.9σ low)
(Fluctuation? Anomalous couplings?)

– Neutrinoless double beta decay?

– High energy cosmic rays beyond GZK cutoff
(New physics?, Z-bursts? Energy calibration uncertainties?)
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– Big Bang Nucleosynthesis (BBN)

∗ nB/nγ from D abundance agrees with CMB. 4He abundance
is rather high for Nν = 3)
(Systematics? Large ν degeneracy?)

∗ Many effects (e.g., Dirac with new interactions, sterile
neutrinos) predict even more 4He
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• Many ideas once considered alternatives to oscillations amongst
the 3 active neutrinos

– Atmospheric neutrinos: many alternatives could describe the
(lower energy) contained events, but most excluded by (higher
energy) upward throughgoing.
(Often depend on LE or L rather than L/E.)

– Solar (before KamLAND): several alternatives to LMA

– Solar (after KamLAND): LMA established

• Can still consider new physics mechanisms as perturbations on
dominant 3-flavor oscillations.
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Alternatives to the GUT Seesaw

• Elegant mechanism for small Majorana masses

• Leptogenesis

• Expect small mixings in simplest versions (can evade by lopsided
e/d, Majorana textures, etc.)

• Large Majorana often forbidden, e.g., by extra U(1)’s

• Direct Majorana masses and large scales forbidden in some string
constructions

• GUTs, adjoint Higgs, large Higgs hard to accomodate in simplest
heterotic constructions

• LSND: active-sterile difficult in simple versions
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• Therefore, explore alternatives, e.g., with small Dirac and/or
Majorana masses

– Small Majorana from loops, Rp violation, or TeV seesaw

– Small Dirac from large extra dimension or by higher dimensional
operators, e.g., in intermediate scale models (e.g. U(1)′)

Lν ∼
(
S

MP l

)p

LNc
LH2, 〈S〉 � MP l

⇒ mν ∼
( 〈S〉
MP l

)p

〈H2〉

(flexible seesaw alternative; can also yield large ordinary-sterile
mixing)
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• BBN constraints on Dirac neutrinos

– Mass effects unimportant unless mν
>∼ 10 KeV

– New interactions (e.g., TeV scale Z′) allow ff̄→νRν̄R by Z′

or Z − Z′ mixing; strongly constrained unless near decoupling
(natural flat directions?)
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• Leptogenesis

– Promising scenario for baryogenesis
– Out of equilibrium decays of

Nheavy→l+ Higgs 6= Nheavy→l̄+ Higgs

created a lepton asymmetry

– Electroweak tunneling (actually thermal fluctucation) then converts
some of the lepton asymmetry into a baryon asymmetry!

– Difficulties in supersymmetric version: gravitino problem
suggests reheating temperature too low (unless Nheavy produced

nonthermally or light gravitino)

– Electroweak baryogenesis may be viable alternative
∗ Small parameter space for MSSM (small Higgs, stop masses)
∗ Adequate asymmetry for U(1)′ model
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Sterile neutrinos

• Motivations (not all for same mass range)

– LSND (need 4 mass eigenstates for LSND, Solar, atmospheric)

– Improve LMA fit: Homestake rate low, no low energy turnup

– r-process nucleosynthesis

• Theoretical difficulties

– Almost all ν mass models involve sterile neutrinos, but

– Are they light? (Not in seesaw)

– Do active and sterile neutrinos mix?
(Not for Dirac or pure Majorana)
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– Need small/comparable Dirac and Majorana (or active-singlet,
singlet-singlet) masses without canonical seesaw or SUSY
protection of low scale

– Intermediate scale models? Large extra dimensions? Mirror
worlds?
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International Workshop on Astroparticle and High Energy Physics Thomas Schwetz

Figure 1: The six four-neutrino mass spectra, divided into the classes (3+1) and (2+2).

four-neutrino oscillations do not provide a satisfactory description of the global oscillation

data including LSND. The details of our calculations can be found in Refs. [16, 17, 18]. In

Sec. 6 we show that also the CPT violating scenario is strongly disfavoured [19]. In Sec. 7

we briefly comment on some proposed alternative solutions for the LSND puzzle, and we

summarize our results in Sec. 8.

2. Four-neutrino schemes: notations and approximations

Four-neutrino mass schemes are usually divided into the two classes (3+1) and (2+2), as

illustrated in Fig. 1. We note that (3+1) mass spectra include the three-active neutrino

scenario as limiting case. In this case solar and atmospheric neutrino oscillations are

explained by active neutrino oscillations, with mass-squared differences ∆m2
sol and ∆m2

atm,

and the fourth neutrino state gets completely decoupled. We will refer to such limiting

scenario as (3+0). In contrast, the (2+2) spectrum is intrinsically different, as there must

be a significant contribution of the sterile neutrino either in solar or in atmospheric neutrino

oscillations or in both.

Neglecting CP violation, in general neutrino oscillations in four-neutrino schemes are

described by 9 parameters: 3 mass-squared differences and 6 mixing angles in the unitary

lepton mixing matrix. Here we use a parameterisation introduced in Ref. [16], which

is based on physically relevant quantities: the 6 parameters ∆m2
sol, θsol, ∆m2

atm, θatm,

∆m2
lsnd, θlsnd are similar to the two-neutrino mass-squared differences and mixing angles

and are directly related to the oscillations in solar, atmospheric and the LSND experiments.

For the remaining 3 parameters we use ηs, ηe and dµ. Here, ηs (ηe) is the fraction of

νs (νe) participating in solar oscillations, and (1− dµ) is the fraction of νµ participating in

oscillations with ∆m2
atm (for exact definitions see Ref. [16]). For the analysis we adopt the

following approximations:

1. We make use of the hierarchy ∆m2
sol " ∆m2

atm " ∆m2
lsnd. This means that for

each data set we consider only one mass-squared difference, the other two are set

either to zero or to infinity.

– 2 –
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• Models and spectra

– 2-2 models give very poor fit to Solar/atmospheric (Extra

parameters?)

– 3-1 probably excluded by reactor and accelerator disappearance

– 3-2 give better fit, e.g., ∆m2
41 ∼ 1 eV2, ∆m2

51 ∼ 20 eV2

– Would lead to rich oscillation physics

• BBN (and large scale structure) constraints

– Hard to avoid thermalizing the sterile neutrino(s)

– Can delay thermalization for large (O(0.01 − 0.1)) neutrino
asymmetry

– Problem aggravated in 3-2 schemes, but no detailed analysis
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Far out possibilities

• Large extra dimensions, KK towers

• Mixing with heavy neutrinos (including nonorthogonal)

• Magnetic moments (SP, RSFP, RSFP + oscillations)

• Neutrino decay

• Decoherence, e.g. from large ν background
(Tends to equilibrate flavors. Dominant unlikely)

• Equivalence Principle (VEP), Lorentz Invariance (LIV)
(LE, excluded as dominant)

• CPT violation
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• New interactions

• Neutrino-antineutrino oscillations

• Large neutrino degeneracies
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Large extra dimensions, KK towers

• Fundamental scale MF ∼ 1 − 100 TeV � M̄P l = 1/
√

8πGN ∼
2.4 × 1018 GeV

Assume δ extra dimensions with volume Vδ � M−δ
F

M̄2
P l = M2+δ

F Vδ � M2
F

(Introduces new hierarchy problem)

Black holes, graviton emission at colliders!

• Assume one dimension much larger than δ − 1, which are much
larger than M−1

F

• Sterile neutrinos NL,R can propagate in bulk with gravitons (other
matter confined to brane)
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• Lowest NR are Dirac partners of active νL on brane, with volume
suppressed Yukawa couplings

mD ∼ hvMF/M̄P l

h is a Yukawa coupling, v is electroweak scale. For h ∼ 1 and
MF ∼ 100 TeV, mD ∼ 10−2 eV

• No light on mixings

• Kaluza Klein (KK) towers of sterile neutrino excitations (lepton
number conserving in simplest scheme)

• Original: use oscillations into tower for Solar/atmospheric. Now:
leakage into sterile as perturbation

• Minimal scheme: small Dirac masses and KK (kinetic) masses: no
LSND enhancement (cancellations between towers)

• Can add additional effects, e. g. extra Majorana masses
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Upper bounds on R (cm) at 90% c.l.
and the corresponding lower bounds on 1/R (eV)

Experimental Bounds

Experiment Hierarchical Inverted Degenerate
(cm, eV) (cm, eV) (cm, eV)

CHOOZ (9.9 × 10−4, 0.02) (3.3 × 10−5, 0.60) (1.8 × 10−6, 10.9)

BUGEY none ( 4.3 × 10−5, 0.46) (2.4 × 10−6, 8.3)

CDHS none none (5 × 10−6, 4)

Atmospheric (8.2 × 10−5, 0.24) (6.2 × 10−5, 0.32) (4.8 × 10−6, 4.1)

Solar (1.0 × 10−3, 0.02) (8.9 × 10−5, 0.22) (4.9 × 10−6, 4.1)
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Mixing with heavy neutrinos (including nonorthogonal)

• Mixing of ordinary neutrinos with heavy (M >MZ/2) neutrinos

– Need enhanced mixings
– Active? (Fourth family disfavored by precision)

• Reduced couplings: can account for NuTeV, but affects GF

(Problems for MW , MZ vs asymmetries, and possibly CKM universality (but

Vus?))

• Nonorthogonal neutrinos: neutrino mixing matrix for light neutrinos
is nonunitary due to mixing with heavy

3∑
i=1

V ∗
eiVµi = −

N∑
i=4

V ∗
eiVµi 6= 0
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• In µ+→ν̄ light
µ e+ν light

e , where ν̄ light
µ ≡

∑3
i=1 Vµiν̄i, ν̄ light

µ can

rescatter to produce e+ (independent of L/E)

• However, NOMAD νµ→νe limits make too small for LSND

• May be small CP violating effects in SBL expriments
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Magnetic moments (SP, RSFP, RSFP + oscillations)

• Dirac: direct and transition

• Majorana: transition only

• Lab limits: |µν| <∼ 10−10µB

• Astrophysical limits: |µν| <∼ few×10−12µB

• Theory: expect µν ∼ 10−19µB(mν/1 eV) unless symmetry
decouples mν, µν
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• Solar: first motivated by Sunspot correlations, but can still be
present (now subleading) for fields deeper in Sun (depends on poorly

known Solar field)

• Spin precession (SP) in Sun (Dirac): νeL→νeR

• Resonant spin flavor precession (RSFP) in Sun νeL→νc
µR

• RSFP + oscillations, νeL→νc
eR at possibly observable level
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Neutrino decay

• Relevant modes

– Radiative: ν2→ν1γ small by limits on transition moments and
nonobservation of diffuse relic background, etc.

– ν2→ν1ν1ν̄1, too slow
– ν2→ν1X, ν̄1X, X = Majoran possible

(Can consider constraints from disappearance or including ν1)

– Large scale structure

• Strong constraints on lifetime from Solar spectrum
(Could obtain ν̄e)

• Most parameter ranges for atmospheric not viable

• High energy astrophysical neutrinos: can have distortion of
canonical νe : νµ : ντ = 1 : 1 : 1
(which follows for initial 1 : 2 : 1 and maximal νµ − ντ mixing)

APS ν Study (December 13, 2003) Paul Langacker (Penn)



WE0E ! 1

!"E0#
d!"E0; E#

dE
: (8)

If the neutrinos are Majorana particles, daughters of
both helicities will be detectable (as neutrinos or anti-
neutrinos), whereas if they are Dirac particles, daughters
of one helicity will be sterile and hence undetectable. In
the rest frame of the parent neutrino, the angular distri-
butions for decays which conserve and flip helicity are
proportional to cos2"!$=2# and sin2"!$=2#, respectively,
where !$ is the angle of the daughter neutrino with
respect to the (laboratory frame) momentum of the pa-
rent. In the limit mdaughter % mparent, the corresponding
energy distributions in the laboratory frame are E=E02
and "E0 & E#=E02.

In the case of Majorana neutrinos, we may drop the
distinction between neutrino and antineutrino daughters
and sum over helicities. Assuming the source spectrum to
be a simple power law, E&", we find

#$""E# !!!!L'%i X
i&

#source
$&

"E#jU&ij2jU"ij2

( 1

"

X
ij&

#source
$&

"E#jU&jj2jU"ij2Bj!i: (9)

This is identical to the expression in Eq. (6) except for the
overall factor of 1=" in front of the second term. For
Dirac neutrinos we detect only the daughters that con-
serve helicity, the effect of which is only to change the
numerical coefficient of the second sum in Eq. (9). Thus,
although the flavor ratio will differ from the cases above,
it is still independent of energy—i.e., decay does not
introduce a spectral distortion of the power law. We stress
that we have assumed a simple but reasonable power law
spectrum E&"; a broken power law spectrum, e.g., would
lead to a more complicated energy dependence.

Uniqueness of decay signatures.—Depending on which
of the mass eigenstates are unstable, the decay branching
ratios, and the hierarchy of the neutrino mass eigenstates,
quite different ratios result. For the normal hierarchy,
some possibilities are shown in Table I.

The most natural possibility with unstable neutrinos is
that the heaviest two mass eigenstates both completely
decay. The resulting flavor ratio is just that of the lightest
mass eigenstate, independent of energy and whether
daughters are detected or not. For normal and inverted
hierarchies we obtained 6:1:1 and 0:1:1, respectively.
Interestingly, both cases have extreme #$e

:#$'
ratios,

which provides a very useful diagnostic. Assuming no
new physics besides decay, a ratio greater than 1 suggests
the normal hierarchy, while a ratio smaller than 1 sug-
gests an inverted hierarchy. In the case that decays are not
complete these trends still hold, even though the limits of
Eqs. (4) and (5) would not be reached. The case of in-
complete decay might be identified by measuring differ-
ent flux ratios in different energy ranges. It is interesting
to note that complete decay cannot reproduce 1:1:1. One

of the mass eigenstates does have a flavor ratio similar to
1:1:1, but it is the heavier of the two solar states and
cannot be the lightest, stable state. (A possible but un-
natural exception occurs if only this state decays.)

An important issue is how unique decay signatures
would be. Are there other scenarios (either nonstandard
astrophysics or neutrino properties) that would give simi-
lar ratios? There exist astrophysical neutrino production
models with different initial flavor ratios, such as 0:1:0
[15], for which the detected flavor ratios (in the absence
of decay) would be about 0:5:1:1. However, since the
mixing angles !) and !atm are both large, and since the
neutrinos are produced and detected in flavor states, no
initial flavor ratio can result in a measured #$e

:#$'
ratio

anything like that of our two main cases, 6:1:1 and 0:1:1.
In terms of nonstandard particle physics, decay is

unique in the sense that it is ‘‘one way,’’ unlike, say,
oscillations or magnetic moment transitions. Since the
initial flux ratio in the mass basis is 1:1:1, magnetic mo-
ment transitions between (Majorana) mass eigenstates
cannot alter this ratio, due to the symmetry between i !
j and j ! i transitions. On the other hand, if neutrinos
have Dirac masses, magnetic moment transitions (both
diagonal and off diagonal) turn active neutrinos into
sterile states, so the same symmetry is not present.
However, the process will not be complete in the same
way as decay—it will average out at 1=2, so there is no
way we could be left with only a single mass eigenstate.

Experimental detectability.—Deviations of the flavor
ratios from 1:1:1 due to possible decays are so extreme
that they should be readily identifiable [16]. Upcoming
high-energy neutrino experiments, such as IceCube [17],
will not have perfect abilities to separately measure the
neutrino flux in each flavor. However, the quantities we
need are closely related to the observables, in particular,
in the limit of $'–$% symmetry (!atm ! 45* and Ue3 !
0), in which all mass eigenstates contain equal fractions
of $' and $%. In that limit, the fluxes for $' and $% are
always in the ratio 1:1, with or without decay. This is
useful since the $% flux is the hardest to measure.

Detectors such as IceCube will be able to directly
measure the $' flux by long-ranging muons which
leave tracks through the detector. The charged-current

TABLE I. Flavor ratios for various decay scenarios.

Unstable Daughters Branchings #$e
:#$'

:#$%

$2, $3 anything irrelevant 6:1:1

$3 sterile irrelevant 2:1:1

$3 full energy B3!2 ! 1 1:4:1:1
degraded (" ! 2) 1:6:1:1

$3 full energy B3!1 ! 1 2:8:1:1
degraded (" ! 2) 2:4:1:1

$3 anything B3!1 ! 0:5 2:1:1
B3!2 ! 0:5

P H Y S I C A L R E V I E W L E T T E R S week ending
9 MAY 2003VOLUME 90, NUMBER 18

181301-3 181301-3
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CPT violation

• Motivated as alternative
explanation for LSND

• Need deviation from local
field theory
(In principle from strings, LED,

background fields)

• Different ν and ν̄ spectra
allow 3 mass differences

• ν̄µ→ν̄e (not νµ→νe) for
LSND

• Lose Solar (excluded by
KamLAND) or atmospheric
range for ν̄

so
la

r

atmospheric

KamLAND

atmospheric , LSND

Figure 2: Possible neutrino mass spectrum with almost no electron content in the heavy

state. Although the figure shows an explict mixing pattern, there is a whole family of

mixing matrices that can do an equally good job. The flavor content is distributed as

follows: electron flavor (red), muon flavor (brown) and tau flavor (yellow)

differences but a much slighter effect in the mixing matrix. This is seen in Fig. 2 where

the flavor distribution in the neutrino and antineutrino spectra is rather similar. The

most distinctive feature of this family of solutions is its θ23, which lives far away from

maximal mixing, or in other words which has a large component of antitau neutrino in the

heavy state. The small antimuon neutrino component in the heavy state is not bounded

by the non observation of muon neutrino disappearance over short baselines in the CDHS

experiment[15], as the antineutrino component in this experiment was minimal.

KamLAND could have observed an oscillation signal driven by the smaller antineutrino

mass splitting and interpreted it as LMA oscillations. To explicitly see how this might

have happened, we will choose two sample points in our parameter space and calculate the

transition probabilities for it. Let us emphasize that we have not performed a chi-squared

fit and therefore the points we are selecting (by eye and not by chi) are not optimized to

give the best fit to the existing data. Instead, they must be regarded as two among the

many equally good sons in this family of solutions.

6
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• 2ν+ CPT probably
excluded

• 3ν+ CPT probably
excluded (and no evidence
w/o LSND)

• 4ν + CPT fits data

• Future: MINOS
atmospheric, MiniBooNE

H

LS
ND

H

10-3 10-2 10-1 100

sin2 2qLSND

10-4

10-3

10-2

10-1

100

101

102

D
m

2 31

All-but-LSND

Figure 4: 90%, 95%, 99%, and 3σ CL allowed regions (filled) in the (∆m2
31 = ∆m2

LSND, sin2 2θLSND)

plane required to explain the LSND signal together with the corresponding allowed regions from

our global analysis of all-but-LSND data. The contour lines correspond to ∆χ2 = 13 and 16 (3.2σ

and 3.6σ, respectively).

disfavouring of the CPT violating scenario.

B. Comparison of the all-but-LSND and the LSND data sets

It is clear from these results that the CPT violation scenario cannot give a good descrip-

tion of the LSND data and simultaneously fit all-but-LSND results. The quantification of this

statement is displayed in Fig. 4 where we show the allowed regions in the (∆m2
31 = ∆m2

LSND,

sin2 2θLSND) plane required to explain the LSND signal together with the corresponding al-

lowed regions from our global analysis of all-but-LSND data.

Fig. 4 illustrates that below 3σ CL there is no overlap between the allowed region of the

LSND analysis and the all-but-LSND one, and that for this last one the region is restricted

to ∆m2
31 = ∆m2

LSND < 0.02 eV2. At higher CL values of ∆m2
31 ∼ O(eV2) become allowed –

as determined mainly by the constraints from Bugey – and an agreement becomes possible.

We find that in the neighbourhood of ∆m2
31 = ∆m2

LSND = 0.9 eV2 and sin2 2θLSND = 0.01 the

LSND and the all-but-LSND allowed regions start having some marginal agreement slightly

above 3σ CL (at ∆χ2 = 12.2). A less fine-tuned agreement appears at 3.3σ CL (∆χ2 ∼ 14)
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New interactions

• Strongly constrained by precision EW
(hard to accomodate NuTeV)

• FCNC in Sun rather than oscillations (original Wolfenstein paper!) now
excluded by KamLAND, but could be perturbation

• Alternative explanation of LSND: L flavor violating interaction
µ+→e+ν̄eνµ (but rare mu decays), or L violation µ+→e+ν̄eν̄i

• Would not be seen by MiniBooNE (π decay)

• Excluded by KARMEN at rate needed for LSND (no distance effect)

• Future: TWIST at TRIUMF (µ decay)
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Neutrino-antineutrino oscillations

• Search for wrong sign lepton produced in neutrino scattering
( π+→µ+ν, νp→µ+X)

• New operators? Stringent limits from decays

• Majorana neutrinos don’t conserve L, but need helicity flip

• Can produce wrong helicity in decay or flip in rescattering (e.g.,

π+→µ+ν̄R), but rate suppressed by (mν/Eν)2

• Lepton number violating oscillations can be large in sterile ν
schemes (e.g., νL→Nc

L), but resulting state is sterile; must invoke
new interaction (e.g. WR) or more complicated exotic fermion
mixings ( Nc

L not really sterile)

• Confusion of νµ→ν̄µ with ν̄e→ν̄µ in µ−→e−νµν̄e
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model parameters µ+events
µ−events

Pure Majorana mνµ < 10−10

Spin precession |µνµ | < 7.4 × 10−10µB < 2 × 10−6

in B⊥ ∆m2 ∼ 10−5 eV 2 (L ∼ 1 km)

Neutrino Decay h2
2 < 0.1, mνµ ∼ 10 eV , sin2 2θµ < 0.02 < 4 × 10−7

SU(2)L × SU(2)R × U(1) |ξg| < 0.003, βg < 0.004 < 3 × 10−7

sin2 2θµ < 0.02 for ∆m2 = 100 eV 2 (L ∼ 1 km)

Exotic fermions |U2
13| < 0.027, θµR, θµL ∼ 0.0014 < 4 × 10−8

TABLE I. µ+, µ− events ratio of high energy νµ (∼ 1 GeV ) N scattering for five neu-
trino-antineutrino oscillation scenarios. (e+, µ− events ratio for the spin precession scenario.)

model parameters e+events
e−events

Pure Majorana mνe < 10−14

Spin precession |µνµ | < 7.4 × 10−10µB < 5 × 10−6

in B⊥ ∆m2 ∼ 10−5 eV 2 (L ∼ 1 km)

Neutrino Decay h2
2 < 0.1, mνe ∼ 1 eV , sin2 2θe < 0.01 < 10−4

SU(2)L × SU(2)R × U(1) |ξg| < 0.003, βg < 0.004 < 10−11

sin2 2θe < 0.01 for ∆m2 = 10−5 eV 2 (L ∼ 1 km)

Exotic fermions |U2
13| < 0.047, θeR, θeL ∼ 6 × 10−6 < 2 × 10−12

TABLE II. e+, e− events ratio for low energy νe (∼ 1 MeV ) N scattering for five scenarios.
(In spin precession, the result is calculated with Eν ∼ 150 MeV .)
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Large neutrino degeneracies

• Expect nν −nν̄ ∼ 10−10nν

• However, O(0.01 − 0.1)
asymmetry important for
BBN

• Hint from 4He abundance

• Suppresses or compensates
sterile production or νR in
U(1)′
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What if MiniBooNE sees a positive signal?

• No very satisfactory explanation: all suggestions have theoretical,
observational, and possibly cosmological difficulties

• All the more interesting if found

– New interactions: origin?

– Sterile neutrino: look for L/E dependence. Much richer for
oscillation experiments

– CPT violation: compare νµ and ν̄µ. Profound consequences;
nonlocal physics
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Relic neutrinos

• νi, ν̄i decoupled at TD ∼ few MeV

• Now at 1.9 K, 50/cm3 for each d.o.f

• For hierarchical pattern 〈v3〉 ∼ 10−2, 〈v2〉 ∼ 10−1

• For degenerate pattern, 〈vi〉 ∼ 2×10−3
(

0.23 eV
mi

)
• Little clustering unless mi

>∼ 0.3 eV , and then on supercluster
scale
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• Important for large scale structure and BBN

• Direct detection (scattering, torques, forces) impractical

• Scattering of high energy cosmic ray neutrinos (Z-burst)

– Account for Ep > GZK?

– Future observation? Depends on unknown flux of UHE ν
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Conclusions

• Nature is probably a standard 3 ν hierarchy

• But be ready for surprises
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